We predict a previously unknown phase transformation from wurtzite to a graphitelike (P6 3 =mmc) hexagonal structure in 01 10-oriented ZnO nanowires under uniaxial tensile loading. Molecular dynamics simulations and first principles calculations show that this structure corresponds to a distinct minimum on the enthalpy surfaces of ZnO for such loading conditions. This transformation is reversible with a low level of hysteretic dissipation of 0:16 J=m 3 and, along with elastic stretching, endows the nanowires with the ability to recover pseudoelastic strains up to 15%. DOI: 10.1103/PhysRevLett.97.105502 PACS numbers: 61.50.Ks, 61.46.ÿw, 62.25.+g, 64.70.Nd The assumption of crystal structures by a material reflects a complex interplay of intrinsic factors such as composition, band structure, valence electrons, bonding states, and structural symmetry and extrinsic factors such as temperature and loading. A change in any of these factors may trigger a transformation to a different structure, giving rise to polymorphism which is especially pronounced in compounds such as ZnO whose electronic bonding states show significant dependence on applied loading [1] . There are three hitherto well-known polymorphs of ZnO, including wurtzite (WZ, P6 3 mc space group), zinc blende (ZB, F 43m) and rock salt (RS, Fm 3m) [2] . WZ is the most stable and commonly observed phase under ambient pressure. ZB can be obtained only on cubic surfaces under specific growth conditions. RS is the result of a transformation from WZ at pressures between 8-10 GPa [1, [3] [4] [5] [6] [7] [8] . This pressure-induced reversible transformation has received significant consideration primarily because hydrostatic compression is the most likely mode of loading for bulk ZnO. Recent work on GaN, MgO, and ZnO thin films has revealed a previously unknown unbuckled structure resulting from extensive surface reconstructions to suppress surface polarity [9] [10] [11] [12] . So far, the existence of polymorphs other than WZ, ZB, and RS at various loading triaxialities has not been extensively studied.
The assumption of crystal structures by a material reflects a complex interplay of intrinsic factors such as composition, band structure, valence electrons, bonding states, and structural symmetry and extrinsic factors such as temperature and loading. A change in any of these factors may trigger a transformation to a different structure, giving rise to polymorphism which is especially pronounced in compounds such as ZnO whose electronic bonding states show significant dependence on applied loading [1] . There are three hitherto well-known polymorphs of ZnO, including wurtzite (WZ, P6 3 mc space group), zinc blende (ZB, F 43m) and rock salt (RS, Fm 3m) [2] . WZ is the most stable and commonly observed phase under ambient pressure. ZB can be obtained only on cubic surfaces under specific growth conditions. RS is the result of a transformation from WZ at pressures between 8-10 GPa [1, [3] [4] [5] [6] [7] [8] . This pressure-induced reversible transformation has received significant consideration primarily because hydrostatic compression is the most likely mode of loading for bulk ZnO. Recent work on GaN, MgO, and ZnO thin films has revealed a previously unknown unbuckled structure resulting from extensive surface reconstructions to suppress surface polarity [9] [10] [11] [12] . So far, the existence of polymorphs other than WZ, ZB, and RS at various loading triaxialities has not been extensively studied.
Recent synthesis of quasi-1D nanostructures such as ZnO nanowires, nanobelts, and nanorods necessitates understanding of the response of ZnO to uniaxial tensile loading [13] [14] [15] . Since these nanostructures are singlecrystalline and nearly defect-free, they are endowed with high strengths and the ability to undergo large deformations without failure. Also, their high surface-to-volume ratios enhance atomic mobility and promote phase transformations under loading along certain crystalline directions.
Here, we report a novel phase transformation from WZ to an unbuckled wurtzite phase (hexagonal, hereafter denoted as HX) within the P6 3 =mmc space group during uniaxial tensile loading of 01 10-oriented ZnO nanowires [ Fig. 1(a) ]. This structure bears both resemblance to and distinction from the layered structure (LY) [9] [10] [11] [12] ; see 20 planes of WZ, HX, and LY. The resemblance is in crystallography and the distinction is in coordination. Specifically, a strong bond along the [0001] axis is seen in HX which occurs throughout the solid wires. In contrast, this interplanar bond is absent in LY, which extends only a few layers from the surface beneath which the structure is predominantly WZ. Therefore, despite the similar geomet- 20 planes of WZ, HX, and the layered structure (LY) reported in Refs. [9, 10] . ric symmetries, HX has a higher coordination number (5) than LY (3). A similar HX phase has been reported as the natural state of boron nitride (h-BN) [16] . It has also been predicted as a metastable state of GaN during the WZ ! RS transformation at high pressures [17] and as a stable phase of MgO under hydrostatic tensile loading [18] .
The deformation analysis here uses a quasistatic loading scheme within the molecular dynamics (MD) framework ( [19] ) and a Buckingham potential with charge interactions [20, 21] . The parameters of the potential are the same as those in Ref. [22] and have been shown to accurately predict the lattice, elastic, and dielectric constants along with surface and defect properties of ZnO [20, 22, 23] . The nanowire considered has an initial WZ structure with 01 10 growth orientation and 21 10 and (0001) A wire containing both WZ and HX phases. To ascertain the relative energetic favorability of the two phases under loading, their enthalpies are independently determined using first principles calculations which are based on the density functional theory (DFT) as implemented in the VASP code [24] , with local density approximation and ultrasoft pseudopotentials [25] . Computational parameters such as energy cutoff and sampling k points are the same as those in Ref. [7] which focused on the WZ ! RS transformation of ZnO and yielded lattice parameters, bulk modulus, and equilibrium transformation pressure that are in good agreement with experiments. For comparison, the emergence of HX as a stable phase under compressive loading ( c ) along the [0001] axis is also shown.
We first characterize crystallographic changes associated with the transformation. As shown for the WZ lattice in Fig. 1(a) , three parameters (a, c, and u) are typically used to define hexagonal structures, with uc denoting the offset between the Zn and O basal planes. Additional parameters b and v, with vb being the offset between Zn and O atoms along the 01 10 axis, are introduced to delineate the difference between the HX and RS structures [7, 17] . a, b, and c are the dimensions of the hexagonal unit cell along the 2110, 01 10, and [0001] directions, respectively. Table I lists the lattice constants for WZ, HX, and RS structures. Note that the parameters for relaxed wires deviate slightly from the values for ideal bulk WZ due to surface effects [19, 26] . For HX, c 4:35 A and u 0:50 are similar to those for RS; whereas a 3:34 A and v 0:32 are similar to those for WZ. Since v remains unchanged, HX has the same hexagonal symmetry around the c axis as WZ. During the transformation, u changes from its initial value of 0.38 for WZ to a value of 0.5 for HX (Table I) , implying the flattening of the buckled wurtzite basal plane (Zn and O atoms becoming coplanar). As a result, Zn atoms are at equal distances from O atoms along the [0001] axis and the structure acquires the additional symmetry of a mirror plane perpendicular to the [0001] axis. This process occurs while the orientation of the basal plane remains invariant. The in-plane coordination of the HX structure is threefold and the full 3D coordination is fivefold (as compared to the fourfold in WZ). The formation of additional bonds (therefore the increase in coordination) along the [0001] axis can also be seen in the charge density distributions on 11 20 planes in Fig. 1(c) . Obviously, an additional bond is formed between the Zn atom initially at the top left and the O atom initially at the bottom in the WZ structure. However, the charge density map for LY observed in [9, 10] does not display such a strong intraplane molecular bond and the layers therein are only held together by Coulombic forces between Zn and O ions. Consequently, LY has a threefold in-plane coordination. The unusual fivefold coordination and uniform charge distribution around the atoms in HX and its crystallographic similarity to RS suggest that the WZ ! HX transformation observed here progresses toward an ionic bonding state with a higher coordination. Figure 2 shows the tensile stress-strain (-") response of a nanowire with a 21:22 18:95 A cross-section at 100 K. While only data for a particular wire size and temperature is shown here, the transformation and the characteristics of the -" relation are the same for wires with lateral dimen- [22] sions between 18-40 Å and temperatures between 100 -1200 K [27] . The region between A and B corresponds to elastic stretching of the WZ structure. Loading beyond B results in a stress drop from 10.02 to 6.98 GPa (B ! C) at " 5:14%. This softening behavior corresponds to the nucleation of the HX phase. At this stage, u shows a precipitous change to 0.5 and the Zn and O basal planes become coplanar. As the deformation progresses, the transformed region sweeps through the entire wire length (C ! D) and the transformation completes at " 9:71% ( 9:65 GPa). Further deformation occurs through the elastic stretching of the transformed structure (HX) and ultimate fracture occurs at " 16% ( 15:29 GPa, not shown) through cleavage along f 12 10g planes. Unloading from any strain prior to the initiation of failure, e.g., point E with " 14:5%, is first associated with the recovery of the elastic deformation within the HX structure (E ! F). A reverse transformation from HX to WZ (F ! G ! H) initiates at " 5:77% ( 4:59 GPa, point F) and completes at " 0:6% ( 1:15 GPa, point H). Unloading beyond H occurs through elastic deformation within the WZ structure (H ! A). Strains up to 14.5% can be recovered, highlighting a very unusual aspect of the behavior of ZnO which normally is quite brittle. Obviously, the large recoverable strains observed here are associated with a unique structural transformation process which occurs only in 01 10 nanowires under uniaxial tensile loading. The energy dissipation associated with the stress-strain hysteresis loop is 0:16 J=m 3 , much lower than that for the WZ ! RS transformation in bulk (1:38 J=m 3 with a maximum recoverable volumetric strain of 17% in compression) [3] . This low level of energy dissipation limits heat generation and heat-related damage, making the nanowires better suited for service under conditions of cyclic loading and large strains. It is important to point out that nanowires with other growth directions (e.g., [0001]) do not show such a phase transformation and are relatively brittle with failure strains not more than 7%.
To identify stable crystalline structures under uniaxial tensile loading along the 01 10 direction, we obtained their enthalpy as a function of c=a and b=a for specific values of stress using DFT calculations. Since the transformation proceeds with the Zn and O basal planes becoming coplanar and a corresponding reduction in c, we also explored the stability of the HX phase under compression along the [0001] axis. The enthalpy per unit cell (2 Zn-O pairs) under applied loading is given by Hc=a; b=a Ec; b; a; u; v ÿ f i q i ;
where E is the internal energy, f i q i (summation not implied) is the external work, and f i is the uniaxial force per unit cell. Figure 3 shows the enthalpy surfaces (eV=unit cell) for b 7, 10, and 13 GPa (with c 0 GPa) and c ÿ6 GPa (with b 0 GPa). In each case, there are two minima. For the tensile loading, the first minimum ( b H WZ min ) is in the vicinity of c=a 1:6 and b=a 1:9; for the compressive loading, the first minimum ( c H WZ min ) is in the vicinity of c=a 1:5 and b=a 1:732; each corresponding to a WZ structure with lattice parameters slightly different from those at zero stress (Table I ). The second minimum in each of these plots corresponds to the HX phase. For the tensile loading, the second minimum At a tensile stress of 7 GPa [ Fig. 3(a) Fig. 3(c) Fig. 3(d) ]. At higher compressive stresses, c H HX min is lower than c H WZ min , indicating the relative favorability of HX under such conditions. As the magnitude of either c or b is increased above the corresponding equilibrium transition value, HX becomes more stable and the transformation barrier becomes even lower, resulting in an even higher driving force for transformation. In summary, the distinct minima in the vicinities of the HX and WZ structures on the enthalpy maps obtained through DFT calculations confirm what is discovered in MD calculations by pointing out that (1) HX is energetically favored over WZ above a critical applied tensile stress value of b 10 GPa along the 01 10 direction or a critical compressive stress value of c ÿ6 GPa along the [0001] direction and (2) the barrier for the transformation decreases as applied stress increases.
HX can result from either uniaxial tension along the 01 10 direction or uniaxial compression along the [0001] direction because both cause interatomic distances in Zn and O basal planes to increase, creating conditions favorable for the two types of atoms to be accommodated in a single plane. This process is similar to the fcc ! bcc Bain transformation [17] . Phenomenologically, the transformation can be explained by considering the effect of structural distortion on the nature of bonding. Specifically, under the external stresses discussed, lattice parameters change and the interatomic Coulombic interactions favor ionic states of bonding over covalent states of bonding [2] . For example, hydrostatic pressure can cause the progression of WZ (moderately ionic) toward RS (highly ionic), a s shown by both experiments and theoretical analyses [1, [3] [4] [5] [6] [7] [8] .
Since HX and WZ can have very different properties, the stress-induced phase transformation may significantly alter the response of the nanowires. Examples include the
